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(57) ABSTRACT 

A self-calibrating modulator apparatus includes a modulator 
having a controlled oscillator and an oscillator gain calibra 
tion circuit. The oscillator gain calibration circuit includes an 
oscillator gain coe?icient calculator con?gured to calculate a 
plurality of frequency dependent oscillator gain coef?cients 
from results of measurements taken at the output of the con 
trolled oscillator in response to a test pattern signal represent 
ing a plurality of different reference frequencies. The plural 
ity of frequency dependent gain coef?cients determined from 
the calibration process are stored in a look up table (LUT), 
Where they are made available after the calibration process 
ends to scale a modulation signal applied to the modulator. By 
scaling the modulation signal prior to it being applied to the 
control input of the controlled oscillator, the nonlinear 
response of the controlled oscillator is countered and the 
modulation accuracy of the modulator is thereby improved. 
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SELF-CALIBRATING MODULATOR 
APPARATUSES AND METHODS 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods and appa 
ratus for countering voltage controlled oscillator (V CO) non 
linearities in communication systems. 

BACKGROUND OF THE INVENTION 

[0002] A voltage controlled oscillator (or “VCO”) is a type 
of electrical oscillator that generates an oscillatory signal 
having a frequency that is dependent on a control voltage. 
VCOs play an important role in communication systems and 
other electronic systems. They are used in both analog and 
digital applications, and are essential components of radio 
frequency communications systems. 
[0003] FIG. 1 illustrates hoW aVCO is con?gured in apolar 
modulation transmitter 100. The polar modulation transmit 
ter 100 comprises an amplitude modulator 102 in an ampli 
tude modulation (AM) path, a VCO 104 in a phase modula 
tion (PM) path, and a poWer ampli?er (PA) 106. The 
amplitude modulator 102 functions to modulate a direct cur 
rent poWer supply signal Vsupply according to amplitude 
variations in an amplitude modulation (AM) signal received 
in an AM path. The resulting amplitude modulated poWer 
supply signal is supplied to a poWer supply port of the PA 106. 
MeanWhile, a phase modulation (PM) signal received in the 
PM path is used as a tuning voltage, Vtune, Which modulates 
the VCO 104 to generate a constant-amplitude phase modu 
lated carrier signal. The PA 106 is typically implemented as a 
sWitched-mode PA operating in compression. Accordingly, 
as the constant-amplitude phase modulated carrier signal is 
ampli?ed by the PA, the amplitude information contained in 
the amplitude modulated poWer supply signal is superim 
posed on the signal at the output of the PA 106. 
[0004] Modulating the VCO 104 With the PM signal can be 
effective for some narroWband applications. HoWever, as 
illustrated in FIG. 2, in Wideband applications the VCO 104 is 
incapable of providing a linear response over the entire PM 
bandwidth. The nonlinear response results in distortion of the 
polar modulation transmitter output signal, making it dif?cult 
or impossible to comply With communications standards 
speci?cations. It Would be desirable, therefore, to have meth 
ods and apparatus for avoiding or countering VCO nonlin 
earities in communication applications, including Wideband 
polar modulation transmitter applications. 

SUMMARY OF THE INVENTION 

[0005] Self-calibrating methods and apparatuses for coun 
tering nonlinear effects of controlled oscillators are disclosed. 
An exemplary self-calibrating modulator apparatus includes 
a modulator having a controlled oscillator and an oscillator 
gain calibration circuit. The modulator is con?gured to 
receive either a test pattern signal or a modulation signal, 
depending on Whether the self-calibrating modulator appara 
tus is con?gured to perform a calibration process or is con 
?gured for normal operation folloWing execution of the cali 
bration process. The test pattern signal is applied When the 
calibration process is being performed. The self-calibrating 
modulator apparatus includes circuitry that measures a plu 
rality of measured output frequencies of the controlled oscil 
lator for each of a plurality of different reference frequencies 
represented in the test pattern signal. The oscillator gain cali 
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bration circuit includes an oscillator gain coe?icient calcula 
tor con?gured to calculate a plurality of frequency dependent 
oscillator gain coef?cients from results of the measurements. 
To account for frequency drift of the controlled oscillator 
during measurement, a drift factor is optionally included in 
the calculation of the plurality of frequency dependent oscil 
lator gain coef?cients. 
[0006] The frequency dependent oscillator gain coef? 
cients determined from the calibration process are stored in a 
look up table (LUT). FolloWing the calibration process, When 
the self-calibrating modulator apparatus is con?gured for 
normal operation, scaling circuitry is employed to scale (or 
“predistort”) a modulation signal applied to the modulator by 
the frequency dependent oscillator gain coef?cients stored in 
the LUT. By scaling the modulation signal prior to it being 
applied to the control input of the controlled oscillator, the 
frequency dependent nonlinear response of the controlled 
oscillator is countered and the modulation accuracy of the 
modulator is thereby improved. To increase the precision of 
the scaling, the oscillator gain calibration circuit includes an 
interpolation ?lter, Which may be employed to determine 
additional oscillator gain coef?cients from the frequency 
dependent oscillator gain coef?cients stored in the LUT. 
[0007] The self-calibrating methods and apparatuses of the 
present invention improve the modulation accuracy and per 
formance of communications systems, particularly Wideband 
communications systems. For example, according to one 
embodiment of the invention, the self-calibrating modulator 
apparatus is employed in the phase modulation path of a polar 
modulation transmitter, to improve the modulation accuracy 
of the transmitter. The self-calibrating methods and appara 
tuses of the present invention also alloW loWer-cost controlled 
oscillators to be used than Would otherWise be required, since 
linearity design requirements and part-to-part performance 
variation restrictions can be relaxed. Finally, the calibration 
methods are performed in the ?eld, thereby advantageously 
avoiding the tedium and expense characteristic of factory 
calibration. 

[0008] Further features and advantages of the present 
invention, including a description of the structure and opera 
tion of the above-summarized and other exemplary embodi 
ments of the invention, are described in detail beloW With 
respect to the accompanying draWings, brief descriptions of 
Which are provided beloW. The same reference numbers are 
used in the draWings to refer to identical or functionally 
similar parts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a draWing illustrating hoW a voltage con 
trolled oscillator (VCO) is typically con?gured in the phase 
modulation (PM) path of a polar modulation transmitter; 
[0010] FIG. 2 is a graph of the output frequency of a VCO 
as a function of tuning voltage, Vtune, highlighting the 
VCO’s nonlinear response When con?gured foruse in a Wide 
band application; 
[0011] FIG. 3 is a draWing of a self-calibrating modulator 
apparatus, according to an embodiment of the present inven 
tion; 
[0012] FIG. 4 is a draWing of an exemplary test pattern 
signal that may be used to calibrate the gain of the VCO of the 
self-calibrating modulator apparatus in FIG. 3; 
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[0013] FIG. 5 is a How chart illustrating an exemplary cali 
bration process performed by the self-calibrating modulator 
apparatus in FIG. 3, according to an embodiment of the 
present invention; 
[0014] FIG. 6 is aVCO gain table diagram including a set of 
VCO gain coef?cients G1, G2, . . . ,G6 calculated and stored 
in the look up table (LUT) of the VCO gain calibration circuit 
during calibration, and interpolated VCO gain coef?cients 
GA, GB and GC calculated by an interpolation ?lter from tWo 
or more of the stored VCO gain coef?cients G1, G2, . . . ,G6 
during normal operation, according to one aspect of the 
invention; 
[0015] FIG. 7 is a diagram illustrating hoW the output fre 
quency of the VCO of the self-calibrating modulator appara 
tus in FIG. 3 can drift during the calibration process due to 
operating the VCO open-loop; and 
[0016] FIG. 8 is a draWing of a polar modulation transmitter 
adapted to include the self-calibrating modulator apparatus in 
FIG. 3, according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

[0017] Referring to FIG. 3, there is shoWn a self-calibrating 
modulator apparatus 300, according to an embodiment of the 
present invention. The self-calibrating modulator apparatus 
300 comprises a modulator 302, a voltage controlled oscilla 
tor (VCO) gain calibration circuit 304, and a multiplexer 306 
for providing either a modulation signal m(t) or a test pattern 
signal from a test pattern generator 308 to the modulator 302. 
The modulator 302 includes a direct modulation path and a 
separate feed-forWard path. A direct digital synthesizer 
(DDS) 312 and a frequency-locked loop (FLL) 314 are con 
?gured in the direct modulation path. A multiplier 316 and a 
digital to analog converter (DAC) 318 are con?gured in the 
feed-forWard path. The FLL 314 comprises a summer 320, a 
digital loop ?lter 322, a sigma-delta (Z-A) DAC 324, a VCO 
326, a frequency-to-digital converter (FDC) 328, and a deci 
mation ?lter 330. 
[0018] The VCO gain calibration circuit 304 comprises a 
VCO gain coef?cient calculator 332, a look up table (LUT) 
334, an interpolation ?lter 336, and logic circuitry 338. The 
VCO gain calibration circuit 304 is con?gured to perform a 
calibration process When the carrier frequency of the VCO 
326 is being tuned, such as may occur, for example, When the 
modulator 302 is being poWered up or is being tuned from one 
communications channel to another. During the calibration 
process, a test pattern signal is applied to the control input of 
the VCO 326 to measure frequency dependent nonlinearities 
of the VCO 326. Results from the measurements are used to 
calculate and store a plurality of frequency dependent VCO 
gain coef?cients in the LUT 334. Once the calibration process 
has ended, the self-calibrating modulator apparatus 300 com 
mences What Will be referred to beloW as “normal operation”. 
The calibration process and hoW the self-calibrating modula 
tor apparatus 300 functions When con?gured for normal 
operation are described in detail beloW, starting With a 
description of details of the calibration process. 
[0019] FIG. 4 is a draWing of an exemplary test pattern 
signal 400 generated by the test pattern generator 308 and 
used to calibrate the gain of the VCO 326 of the self-calibrat 
ing modulator apparatus 300 in FIG. 3. The test pattern signal 
400 comprises a sequence of digital signals, each of duration 
“x”, representing a plurality of reference frequencies flR, fZR, 
. . . ,f6R. The digital signals are converted to analog reference 

frequency signals by the feed-forWardpath DAC 318 and then 
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applied to the control input of the VCO 326, one after the 
other. As each reference frequency signal is applied, the out 
put frequency of the VCO 326 is measured to calculate aVCO 
gain coef?cient corresponding to the applied reference fre 
quency. The time interval “x” during Which each reference 
frequency is applied is set so that suf?cient time is available to 
measure an average output frequency for each applied refer 
ence frequency. As explained in more detail beloW, the plu 
rality of VCO gain coef?cients calculated by application of 
the plurality of reference frequencies f l R, fZR, . . . , f6R are used 

to scale (i.e., “predistort”) a modulation signal applied to the 
modulator 302 during normal operation to counter the non 
linear response of the VCO 326. 

[0020] According to one embodiment, the test pattern sig 
nal 400 is arranged so that consecutive pairs of reference 
frequencies (i.e., flR, and fZR, f3R and f4R, and f5R and f6R) are 
symmetrical about a center frequency f,. The ?rst reference 
frequency in each pair is applied to the control input of the 
VCO 326 to push the output frequency of the VCO 326 above 
the center frequency fc. A second reference frequency in each 
pair is applied to pull the output frequency of the VCO 326 
beloW the center frequency by the same nominal amount. The 
symmetry of the reference frequency pairs about the center 
frequency fc alloWs drift-induced errors to be factored out in 
the VCO gain coef?cient calculation process, as Will be 
explained in more detail beloW. Each consecutive pair of 
reference frequencies also results in a greater frequency 
deviation from the center frequency fc. By stepping the ref 
erence frequency deviations from a loW frequency deviation 
to progressively higher frequency deviations, the potential for 
errors resulting from frequency drift of the VCO 326 are 
minimiZed. 

[0021] According to one embodiment, the calibration pro 
cess is performed during the ?nal stage of a tuning process in 
Which the center frequency fc (or carrier frequency) is tuned to 
its desired or required value. The number of reference fre 
quencies used in the test pattern signal and the range of 
frequencies represented by all reference frequencies in the 
test pattern signal is determined by the degree of gain correc 
tion precision required or desired, the modulation bandWidth 
of the modulation applied to the input of the VCO 326 during 
normal operation, and/or the time available or allotted to 
complete the calibration process during the ?nal stage of the 
tuning process. The test pattern signal 400 shoWn in FIG. 4 
comprises a “six-point” test pattern signal representing six 
different reference frequencies, f 1 R, fZR, . . . ,f6R. The six 

different reference frequencies, flR, fZR, . . . ,f6R alloW six 
different VCO gain coef?cients to be calculated. Such a test 
pattern has shoWn to be suitable for calibrating the gain of the 
VCO 326 over a modulation bandWidth used in Wideband 
code division multiple access (W-CDMA) cellular commu 
nications applications. Other multi-point test pattern signals 
having more or less than six points may be used, depending on 
the degree of correction precision required and the modula 
tion bandWidth applied to the VCO 326 during normal opera 
tion, as Will be appreciated by those of ordinary skill in the art. 
[0022] FIG. 5 is a How chart illustrating an exemplary cali 
bration process 500 performed by the self-calibrating modu 
lator apparatus 300, according to an embodiment of the 
present invention. In a ?rst step 502 the loop of the FLL 314 
is closed. Next, at step 504 the control input of the VCO 326 
is biased so that the FLL 314 tunes and locks to a center 
frequency fc centered in a frequency band of interest. 
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[0023] After the FLL 314 is tuned and locked to the center 
frequency fc, at step 506 the FLL 314 loop is opened, by, for 
example, holding the tuning voltage Vtune constant. The 
purpose of opening the FLL 314 loop is to prevent the closed 
loop feedback action of the FLL 314 from attempting to 
cancel out the test pattern signal applied in the next step. 

[0024] At step 508 the SELECT input of the multiplexer is 
set so that the digital signal representing the ?rst reference 
frequency f 1 R in the ?rst time interval of the test pattern signal 
is coupled to the DAC 318 in the feed-forWard path of the 
modulator 302. The multiplier 316 is effectively bypassed 
during the calibration process, as it is not used to scale the test 
pattern signal. The analog reference frequency signal gener 
ated by the DAC 318 is applied to the control input of theVCO 
326. 

[0025] At step 510 the output frequency of the VCO 326 is 
measured by the FDC 328 and the decimation ?lter 330. 
Speci?cally, the FDC 328 digitiZes the output signal of the 
VCO 326, and the decimation ?lter 330 ?lters the digitiZed 
result to provide a digital signal representing a measured 
average output frequency f l M. According to one embodiment, 
the decimation ?lter 330 is implemented as a ?nite impulse 
response (FIR) ?lter having a triangular Weighting function. 
Other types of averaging ?lters, such as boxcar or Gaussian 
type ?lters can alternatively be used, as Will be readily under 
stood by those of ordinary skill in the art. An FIR ?lter having 
a triangular Weighting function and an example of one type of 
FDC that may be used to implement the FDC 328 of the ELL 
314, are shoWn and described in US. Pat. No. 6,219,394, 
Which is hereby incorporated herein by reference. 
[0026] At step 512 the measured average output frequency 
f 1 M is used by the VCO gain coe?icient calculator 332 to 
calculate a VCO gain coe?icient G1 corresponding to the ?rst 
reference frequency f 1 R. According to an exemplary embodi 
ment, the gain coef?cient is calculated using the folloWing 
formula: G1:[(flR—fc)/(f1M—fc)] *G, Where fc is the center 
frequency around Which the VCO 326 is being calibrated and 
G is the nominal gain of the VCO 326 at the center frequency 

fc. 
[0027] At step 514 the calculated gain coef?cient G1 for the 
?rst reference frequency flR is stored in the VCO gain coef 
?cient LUT 334, Where it is later made available to the mul 
tiplier 316 in the feed-forWard path of the modulator 302 
during normal operation after the calibration process 500 has 
been completed. 
[0028] At decision 516 it is determined Whether the gain of 
the VCO 326 is to be calibrated for a next reference frequency. 
If “yes,” steps 508 through 514 are repeated for the next 
reference frequency in the test pattern signal, i.e., for second 
reference frequency fZR. Steps 508 through 516 are repeated 
until VCO gain coe?icients for all reference frequencies have 
been calculated and stored in the LUT 334, upon Which the 
result of the decision at step 516 is “no” and the method 500 
ends. 

[0029] Once the calibration process has completed, the 
loop of the FLL 314 is closed and the self-calibrating modu 
lator apparatus 300 commences normal operation. In normal 
operation, the SELECT input to the multiplexer is set so that 
a modulation signal m(t) is coupled to the DDS 312, instead 
of the test pattern signal. The DDS 312 functions to generate 
a ?rst digital stream representing the desired output fre 
quency of the VCO 326 from the modulation signal m(t), 

Dec. 3, 2009 

relative to a frequency reference (e.g., the center frequency fc 
of a communications channel) represented in a digital fre 
quency reference signal. 
[0030] The ?rst digital stream is fed to a ?rst input of the 
summer 320, While a second digital stream at the output of the 
decimation ?lter 330 is fed to a second input of the summer 
320. The second digital stream represents the actual output 
frequency of the modulated signal appearing at the output of 
the VCO 326, and is generated by the FDC 328 and the 
decimation ?lter 330. In particular, the FDC 328 operates to 
digitiZe the output signal of the VCO 326, and the decimation 
?lter 330 operates to decimate the digitiZed result doWn to the 
digital loop clock rate of the FLL 314. 
[0031] The summer 320 adds the inverse of the second 
digital stream to the ?rst digital stream, to generate an error 
signal representing the difference in the frequency of the 
modulated signal appearing at the output of the VCO and the 
desired frequency represented in the ?rst digital stream. 
When the frequency of the modulated signal is at the desired 
output frequency, the ?rst and second digital streams have, on 
average, the same density of logic “ls” relative to logic “0s” 
and the error signal at the output of the summer 320 represents 
Zero error. HoWever, Whenever the average values differ, the 
error represented by the error signal is nonZero. 
[0032] The error signal is ?ltered by the digital loop ?lter 
322 and converted to an analog error signal by the Z-A DAC 
324. The analog error signal is coupled to an analog integrator 
formed, for example, by a resistor 340 and a capacitor 342. 
The resulting ?ltered signal is used to control the output 
frequency of the VCO 326 so that it moves in the direction of 
the desired output frequency. 
[0033] During the calibration process described above, the 
feed-forWard path serves as a path for introducing a test 
pattern signal to the control input of the VCO 326. When the 
self-calibrating modulator apparatus 300 is con?gured for 
normal operation, the feed-forWard path serves as both an 
auxiliary modulation path to the VCO 326 and a path for 
scaling the modulation signal m(t). The modulation signal 
m(t) is fed forWard along the feed-forWard path to the multi 
plier 316, Which operates to scale the modulation signal m(t) 
by the VCO gain coef?cients stored in the LUT 334 in order 
to counter the nonlinear response of the VCO 326. The VCO 
gain coef?cients are indexed according to frequency, so that 
as the frequency represented in the modulation signal m(t) 
changes over time the appropriate gain coef?cients are rap 
idly accessed and retrieved from the LUT 334 and applied to 
the multiplier 316 to scale the modulation signal m(t). 
[0034] The resulting scaled modulation signal m'(t) is con 
ver‘ted to an analog signal by the DAC 318 and then combined 
With the direct modulation signal in the direct modulation 
path, via the analog ?lter capacitor 342, at the control input of 
the VCO 326, thereby correcting for the nonlinear response of 
the VCO 326. 
[0035] Employing the feed-forWard path as an auxiliary 
modulation path during normal operation alloWs the modu 
lation bandWidth of the modulator 302 to be increased With 
out being affected by loop bandWidth constraints of the FLL 
314. This affords the ability to employ the self-calibrating 
modulator apparatus 300 in Wideband communications appli 
cations. 
[0036] According to another aspect of the invention, an 
interpolation ?lter 336 may be employed during normal 
operation to generate additional VCO gain coe?icients from 
the VCO gain coef?cients stored in the LUT 334. The logic 
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circuitry 338 functions to determine Whether the frequency 
represented in the modulation signal m(t) falls betWeen 
entries in the LUT 334. If it does, the interpolation ?lter 336 
operates to calculate an additional VCO gain coe?icient from 
tWo or more gain coe?icients stored in the LUT 334. FIG. 6 
illustrates, for example, hoW additional VCO gain coef? 
cients GA, GB and GC can be determined by interpolating 
from among a set of nine gain coe?icients (G1, . . . ,G9) stored 

in the LUT 334. Once an interpolated gain coe?icient has 
been calculated for a particular frequency, the interpolated 
gain coe?icient is coupled to the multiplier 316 to scale the 
modulation signal m(t) at that frequency. 
[0037] The ability to interpolate VCO gain coef?cients 
reduces the number of VCO gain coef?cients that need to be 
calculated and stored in the LUT 334 during the calibration 
process, thereby reducing the overall time required to com 
plete the calibration process. lnterpolating VCO gain coef? 
cients can also be used to increase the precision and accuracy 
of the VCO gain correction applied during normal operation. 
Finally, the logic circuitry 338 may further include logic to 
bypass the interpolation ?lter 336, if for some reason the extra 
level of correction precision provided by the interpolation 
?lter 336 is not required or desired. 

[0038] As discussed above, the calibration process of the 
self-calibrating modulator apparatus 300 is performed With 
the FFL 314 loop open. When the loop is closed, the feedback 
action of the FLL 314 operates to prevent the average output 
frequency of the VCO 326 from drifting too far aWay from the 
desired output frequency. HoWever, When the loop is opened 
to perform the calibration process, the feedback action of the 
loop is no longer available to counter frequency drift. Conse 
quently, as illustrated in FIG. 7, frequency drift can occur as 
the calibration process is being performed. If the frequency 
drift is excessive, the calculations of the VCO gain coef? 
cients in the calibration process can be inaccurate. 

[0039] To prevent frequency-drift-induced errors, the VCO 
gain coef?cient formula used above can be modi?ed to 
account for frequency drift. Speci?cally, instead of using the 
VCO gain coe?icient formula Gn:[(fnR—fc)/(fnM—fc)] *G: 
(reference/measured)*G, Where n:l, 2, etc., a VCO gain 
coe?icient formula including a drift reduction factor is used, 
i.e.,: Gn':[reference/(measured—(2*(n-l)+l)*drift)]*G (for 
n:l, 3, . . . ,etc.;odd) and Gn':[reference/(measured+(2*(n 

l)+ l )*drift)] *G (for n:2, 4, . . . ,etc.;even). For the tWo-point 
calibration example illustrated in FIG. 7, Where it is assumed 
that the drift is linear, the drift reduction factor is equal to: 
dri?:[(f1M+f2M)/2_fc]/2:(fdev1_fdev2)/4’ Where fdev1:f1M_fc 
is the frequency deviation of the ?rst measured frequency f 1 M 
from the center frequency fc, and f dev2:fc—f2 M is the fre 
quency deviation of the second measured frequency fZM from 
the center frequency fc. 
[0040] The self-calibrating modulator apparatus 300 may 
be employed in a variety of different modulation applications, 
including Wideband modulation applications. FIG. 8 illus 
trates, for example, hoW it may be employed as a phase 
modulator in the phase modulation path of a polar modulation 
transmitter 800. The polar modulation transmitter 800 com 
prises a symbol generator 802; a rectangular-to-polar con 
verter, such as a CORDIC (COordinate Rotation Dlgital 
Computer) 804; an amplitude modulation (AM) path includ 
ing anAM path DAC 806 and an amplitude modulator 808; a 
phase modulation path (PM) including the self-calibrating 
modulator apparatus 300; and a poWer ampli?er (PA) 810. 
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[0041] The symbol generator 802 functions to group bits of 
a digital message to be transmitted into in-phase (I) and 
quadrature phase (Q) sequences of symbols formatted 
according to an applicable modulation scheme. The CORDIC 
converter 804 functions to generate a digital amplitude modu 
lation signal p and a digital phase difference modulation 
signal A6 from the rectangular-coordinate I and Q sequences 
of symbols. The AM path DAC 806 converts the digital ampli 
tude modulation signal p into an analog amplitude modula 
tion signal. The analog amplitude modulation signal is used 
by the amplitude modulator 808 to amplitude modulate a 
direct current (DC) poWer supply signal, Vsupply. The result 
ing amplitude modulated poWer supply signal is coupled to a 
poWer supply port of the PA 810. 
[0042] When con?gured in the PM path of the polar modu 
lation transmitter 800, the self-calibrating modulator appara 
tus 300 is con?gurable to determine frequency dependent 
VCO gain coef?cients by performing a calibration process. 
The calibration process is substantially similar to the calibra 
tion process 500 described above in connection With FIG. 5, 
so Will not be described again here. 
[0043] Following the calibration process, the stored VCO 
gain coef?cients are made available to the modulator 302 as 
the polar modulation transmitter 800 operates. The VCO gain 
coef?cients are retrieved from the LUT based on the fre 
quency represented in the phase difference modulation signal 
A6 and used to scale the phase difference modulation signal 
A&O<. The resulting scaled phase difference modulation sig 
nal A6‘ is injected into the FLL 314 at the control input of the 
VCO 326. As the VCO 326 is modulated by the modulation 
signals from the direct and feed-forWard modulation paths, it 
accumulates (i.e., integrates) the phase of the signal to gen 
erate a phase modulated carrier centered at the center fre 
quency fc. The phase modulated carrier signal is coupled to 
the input of the PA 810, Which is implemented as highly 
e?icient nonlinear PA, such as a Class D, E or F sWitch-mode 
PA con?gured to operate in compression. As the PA 810 
ampli?es the phase modulated carrier signal, the amplitude 
information in the amplitude modulated supply signal is 
superimposed on the output signal of the PA 810. 
[0044] Although the present invention has been described 
With reference to speci?c embodiments thereof, these 
embodiments are merely illustrative and exemplary, and are 
not meant to restrict the invention in any Way. Further, various 
modi?cations or changes to the speci?cally disclosed 
embodiments of the invention Will be suggested to those of 
ordinary skill in the art, and, therefore should be included 
Within the scope of the invention as it de?ned by the appended 
claims. 

What is claimed is: 
1. A self-calibrating modulator apparatus, comprising: 
a modulator having a direct modulation path, a feed-for 
Ward path, and a controlled oscillator having a control 
input con?gured to receive signals from the direct modu 
lation path and the feed-forWard path; and 

an oscillator gain calibration circuit coupled to the feed 
forWard path of said modulator operable to determine a 
plurality of frequency dependent oscillator gain coef? 
cients used to counter nonlinear effects of said con 
trolled oscillator. 

2. The self-calibrating modulator apparatus of claim 1, 
further comprising a test pattern generator con?gured to gen 
erate a test pattern signal for the feed-forWard path of said 
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modulator, said test pattern signal representing a plurality of 
different reference frequencies. 

3. The self-calibrating modulator apparatus of claim 2, 
further comprising circuitry con?gured to measure a plurality 
of measured output frequencies of the controlled oscillator 
for each of the different reference frequencies represented in 
said test pattern signal. 

4. The self-calibrating modulator apparatus of claim 3 
Wherein said oscillator gain calibration circuit includes an 
oscillator gain coef?cient calculator con?gured to calculate a 
plurality of frequency dependent oscillator gain coef?cients 
from said plurality of measured output frequencies. 

5. The self-calibration modulator apparatus of claim 4, 
further comprising a look up table (LUT) con?gured to store 
said plurality of frequency dependent oscillator gain coef? 
cients. 

6. The self-calibration modulator apparatus of claim 5 
Wherein said feed-forWardpath includes a multiplier operable 
to scale a modulation signal received in said feed-forward 
path by the frequency dependent oscillator gain coef?cients 
stored in said LUT to counter frequency dependent nonlin 
earities of said controlled oscillator. 

7. The self-calibration modulator apparatus of claim 6, 
further comprising an interpolation ?lter con?gured to inter 
polate additional oscillator gain coef?cients from tWo or more 
of the plurality of frequency dependent oscillator gain coef 
?cients stored in said LUT. 

8. The self-calibration modulator apparatus of claim 2 
Wherein the plurality of different reference frequencies rep 
resented in said test pattern signal includes frequencies that 
cause the output frequency of said controlled oscillator to 
symmetrically deviate above and beloW said center fre 
quency. 

9. The self-calibration modulator apparatus of claim 2 
Wherein the reference frequencies represented in said test 
pattern signal increase are con?gured so that the output fre 
quency of the controlled oscillator increases from a loW fre 
quency deviation from the center frequency to progressively 
larger frequency deviations from the center frequency. 

10. The self-calibrating modulator apparatus of claim 4 
Wherein said oscillator gain calibration circuit is further con 
?gured to factor out effects of frequency drift of the controlled 
oscillator in calculating the plurality of frequency dependent 
oscillator gain coef?cients. 

11. A method of countering nonlinearities of a controlled 
oscillator, comprising: 

con?guring a controlled oscillator in a closed-loop fre 
quency control circuit of a modulator apparatus; 

tuning and locking said frequency control circuit to cause 
an output frequency of said controlled oscillator to be 
centered at a center frequency; 

opening a loop of the frequency control circuit; 
applying a test pattern signal to a control input of said 

controlled oscillator, said test pattern signal representing 
a plurality of reference frequencies that cause the output 
frequency of the controlled oscillator to deviate from 
said center frequency; 

measuring a plurality of measured output frequencies of 
the controlled oscillator for each reference frequency 
represented in the test pattern signal; and 

calculating a plurality of oscillator gain coef?cients from 
said plurality of measured output frequencies. 
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12. The method of claim 11, further comprising storing 
said plurality of oscillator gain coef?cients in a look up table 
(LUT). 

13. The method of claim 11, further comprising scaling a 
modulation signal applied to the modulator apparatus by one 
or more oscillator gain coef?cients of said plurality of oscil 
lator gain coe?icients, and applying the resulting scaled 
modulation signal to the control input of the controlled oscil 
lator. 

14. The method of claim 12, further comprising interpolat 
ing additional oscillator gain coef?cients from tWo or more 
oscillator gain coef?cients of said plurality of oscillator gain 
coe?icients. 

15. The method of claim 11 Wherein calculating the plu 
rality of oscillator gain coef?cients from said plurality of 
measured output frequencies includes factoring out effects of 
frequency drift caused by measuring the plurality of mea 
sured output frequencies open-loop. 

16. The method of claim 11 Wherein the plurality of refer 
ence frequencies comprise one or more pairs of reference 
frequencies that are symmetrical about the center frequency 
and Which cause the controlled oscillator output frequency to 
deviate above and beloW the center frequency. 

17. The method of claim 16 Wherein each consecutive pair 
of reference frequencies results in a greater frequency devia 
tion of the controlled oscillator output frequency from the 
center frequency fc. 

18. A polar modulation transmitter, comprising: 
an amplitude modulation path having an amplitude modu 

lator con?gured to amplitude modulate a direct current 
poWer supply signal according to amplitude variations in 
an amplitude modulation signal received in the ampli 
tude modulation path; 

a phase modulation path including a self-calibrating modu 
lator apparatus having a phase modulator With a con 
trolled oscillator and an oscillator gain calibration cir 
cuit coupled to said phase modulator, said self 
calibrating modulator apparatus operable to calculate 
frequency dependent oscillator gain coef?cients for use 
by said phase modulator to counter nonlinear frequency 
responses of said controlled oscillator; and 

a poWer ampli?er con?gured to amplify a phase modulated 
carrier signal generated by said phase modulator accord 
ing to an amplitude modulated poWer supply signal 
applied to a poWer setting input of said poWer ampli?er 
from said amplitude modulator. 

19. The polar modulation transmitter of claim 18 Wherein 
said phase modulator is con?gurable to receive a modulation 
signal or a test pattern signal, depending on Whether said 
self-calibrating modulator apparatus is performing a calibra 
tion process. 

20. The polar modulation transmitter of claim 19 Wherein 
the phase modulator includes a feed-forWard path coupled to 
the phase modulation path, said feed-forWard path serving as 
a means for introducing the test pattern signal to a control 
input of the VCO When the self-calibrating modulator appa 
ratus is performing said calibration process. 

21. The polar modulation transmitter of claim 20 Wherein 
after the calibration process has completed the feed-forward 
path serves as path for scaling the modulation signal by the 
frequency dependent oscillator gain coef?cients and as an 
auxiliary modulation path for coupling the resulting scaled 
modulation signal to the control input of the controlled oscil 
lator. 
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22. The polar modulation transmitter of claim 18 wherein 
said self-calibrating modulator apparatus includes circuitry 
con?gured to measure a plurality of measured output fre 
quencies of said controlled oscillator in response to a test 
signal pattern representing a plurality of different reference 
frequencies. 

23. The polar modulation transmitter of claim 22 Wherein 
said self-calibrating modulator apparatus includes an oscilla 
tor gain coe?icient calculator con?gured to calculate said 
frequency dependent oscillator gain coef?cients based on 
said plurality of measured output frequencies. 
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24. The polar modulation transmitter of claim 23 Wherein 
said self-calibrating modulator apparatus includes a look up 
table (LUT) con?gured to store said frequency dependent 
oscillator gain coe?icients. 

25. The polar modulation transmitter of claim 24 Wherein 
said self-calibrating modulator apparatus includes an inter 
polation ?lter operable to determine additional oscillator gain 
coef?cients from the oscillator gain coef?cients stored in said 
LUT. 


